Forward Tagging as a
Probe of Hadronic
and Nuclear Dynamics

Charles Hyde
Old Dominion University

EIC Users Group Meeting
O

OLDDOMINION _ Owmmowiasouron
/-9 July 2016



JLEIC

Flux-return
coils Flux retum yoke
Modular (muon chambers?)

aerogel
RICH solenoid coil (1.5-3T)

EMcal (Sci-Fi)
DIRC & TOF
Vertex (Si pixel

m

Central tracker _
(low-mass DC) Dipole

LAURIC I ©
: exclusion [§s g

EMcal § =
e for e-beam § £
s8
Endcap L2
GEM § S
trackers - a E

(top view) 175)

| 3J2m Sm

electron endcap central barrel hadron endcap _ .

\

i L Eml Forward Spectrometer: Ap/p = £0.5, 6=£8mr

- —_—— .=—_=7—Kq-




The Tools of DIS

® Basic Variables: Q?, xg
® a(0Q°)<0.5for 0°>1 GeV?
® [ransverse spatial resolution
ob~ 1/[Q?]1/2

® | ongitudinal coherence length
of virtual photon A = 1/(2Mxg))

® x<0.1] o AL=21fm
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Final States:
DIS & Diffractive DIS

Deep Inelastic Scattering (DIS) Diffractive Scattering (DDIS)
e ~109 of H%(E%A DIS events

o® particle flow > e(k) particle flow >
y*(a)
>

zurrent jet B }X > current jet

colour flow

p ~— no colour flow
X Y n proton remnant

Y n p -> beam pipe

Proton Remnant: Rapidity Gap: An 2 2

« Di-quark/ tetra-quark color triplet
Color octet
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Correlations between Current &
Target fragments

10 T

® Chiral Symmetry Breaking: .
Parton-parton correlations at ea i+d
pr~Ay ~ 1 GeV. PR ¥=0.1 1

® Coincident hadrons in target and
current fragments, with correlated &
spin-dependent py. : ~

® Multiparton interactions in LHC pp ~
collisions do not scale as average I
density Co 5 T 10

(@) Pt M) 1 GeV2

® Interference - P Schweitzer, Ch. Weiss,
Fragmentation ¢, M. Strikman

Functions
measured in JHEP 1301 (2013) 163

BELLE:

A Vossen et al, » |dentify ion beam
PRL 107, 072004

- 2011 ~ fragments over broad
* range of p;
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Deep Virtual Exclusive Scattering
Transverse Spatial Imagmg VS. xBJ

® Detector Acceptance @

o 20 f %1 0G V2
® eRHIC: new IR design: s Ot (J 00 Ge ) :
0.18 < pr N;

e JLEIC: Far-Forward spectr.
0.0 = p; for xg > 0.003
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AcceEtance for E’ in DDIS/DVES

JLEIC acceptance ZEUS
t 2 Tem Dipol = .
%M Region1 e = Leading Proton Spectrometer
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DIS and
Many Body Nuclear Dynamics

e DIS at different x, Q2 ranges probes particular
configurations in the nucleus

® Forward tagging of spectator/recoil nucleons... to
observe the dynamics of the active configurations.

¢ |[llustrative Examples:

° x>] ~6-quark bags

e 0.2<x<0.7 Nuclear Binding, Short Range Correlations
e x=0.1 Anti-shadowing: Hard Core on NN Force

o x<0.1 Coherent Diffraction: Multiple nucleons

o Q2> 1 GeV?

e << 0.1,

Coherence = Saturation Transition
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Nuclear Dynamics F
e Kinematic bound: x

® Xgj > 1

® Parton moment

generated by int
least two nucleo

® [Color Octet]? st:

® X >2
® Probe three body fo

— I
~r
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Nuclear Dynamics P 1

® 0.2<x5<0.8
EMC Effect

® Quark-Gluon str
nuclear binding
1/2xgM)< 0.5 f

® |ncoherent over
different nucleons
exchanged mesons

—
~
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s |1 1 | The EMC Effect

Quark-gluon imprint
of Nuclear Binding

NN Correlations

N. Fomin, et al,
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Nuclear Final State in DIS

® Active program at JLab12 to study NN pairs
emitted in nuclear DIS
® |sospin structure
® Low pge Vs high pre

® Forward nucleons from
SH/3He (Hall A 2017)

® Backward nucleons in
heavy nuclei:
Hall B, Hall C =
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Nuclear Final State at EIC

® Naive spectator p = [%Pj,pi,%m—]

Kinematics: A A
Za,,zA ZPz‘,T=0
i=1 i=1
®* Fermi gas: |a-I|zp.,/M=0.25 Pir=< Pr

® |n a heavy nucleus of momentum
Z (100 GeV/c), spectator neutrons, protons
have laboratory momenta

(P, pr) = [a(40 GeV/c), p,r]
. ® Forward Tagging!

Charles Hyde 8 July 2016 ]_ 3




DIS on the Deuteron: Spectator Tagging

© 07, & 1, pp,TzO

—->on-shell extrapolation of DIS on neutron
® Calibrate with ZDC tagging of spectator neutron

e 30%/E.,2=49% @ 50 GeV
6ocpz 0.04 =

Rest frame resolution of
initial NN relative momentum

~ 40 MeV/c for DIS on
nearly on-shell proton
® /I-ap/> 0.2

o EMC effect in Deuterium!

Charles Hyde

F,p, (tagged) x (t')2 /R

0.15

0.1 F

005 F

EMC effect in tagged DIS e + D — €' + p + X, backward kinematics

T on-shell

L] L] L] I L]
modified
unmodified -------

x=03-04, 0 =20-30 GeV>
0 =089-091 (backward)
L, =10"nb", s,y =1000 GeV?

Kinematic limit




DVES on Deuteron

® Coherent d(e,e’d V)

® Tensor polarized beam: Observe quark-gluon
structure of tensor interaction.

® [ncoherent d(e,e’pnV)

® Miller, Sievert, Rajugopalan,
www.arXiv.org/1512.03111

® | ow mass NN final state = independent nucleons

® High mass NN final state - probe spatial size of
Interacting pair
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Nuclear Dynamics Probed
® xg = 0.1: “Anti-Shado

® g(x)+T(x) enhanced (

* No G(x) enhancem
in Drell-Yan.
e Hard Core of NN

interaction from
exchange?

® [xpect gluon
(enhancement in Nt

e JLab LDRD program to
open-charm in nuclear D

-------------------

Internucleon potential (MeV)
L}

-

-

—

Separation (fm)
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Nuclear Dynamics Prc |V

® xg < 0.05: “Shadowi

® Coherent diffractive
from = 2 nucleons
® |nterference is au

destructive by virt
antisymmetry

e NN pair must be

® Transverse resolu
selects nuclear sta

® Shadowing is a ~1(
the ~109% of DIS eve
diffractive

2’

—
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Nuclear Initial and Final States in
Diffractive DIS.

® |ncoherent Diffraction: A clean probe of
multi-nucleon dynamics. "

® Only low-energy 20
NN, NNN... FSI Vi@
> Color-neutral

® EFvent-by-event initial & }" ilbo>Fél/![02]“2
final state: ' »

® Elliptical source
Interference:

> 2 nucleons
a active/spectator
I12xM) in NN pair

Destructive

~ 8July 2016 18
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MDBaker, ECA, Lee, Zhang eRD17

Geometry tagging (w/o shadowing)

Intra-nuclear cascading

Ballistic protgns

increases with d (forward
particle production)

of nucleons from excited
nucleus (very forward)
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©
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(nuclei are all surface)
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4 6 8 10 12_ 14
d (fm)

Zheng, Aschenauer, Lee, EPJA 50

Leads to more evaporation

JLab LDRD FY2017 proposal
Nadel-Turonski, Baker et al

Role of ballistic nucleons:
Lappi, Mantysaari,
R. Venugopalan, PRL 114

Tagged eAu (samples scaled to same area)
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DIS @ x5 < 0.1

DIS probes fluctuations with coherence length
A much greater

than nucleon or even
nuclear size. = == = A=1/(2Mxg)

— e =

Precursor to saturation

Low energy probes cannot
distinguish these from vacuum fluctuations

T

Animations at
www.physics.adelaide.edu.au/theory/staff/leinweber




Conclusion

®* A High Luminosity Polarized Electron lon Collider is
an unprecedented tool to quantitatively explore the
quark-gluon dynamics of
e the Origin of the Mass of mesons and baryons

® The creation of mass as a quark or gluon propagates
through cold QCD matter

e Vacuum
e Nucleus

® Nuclear Binding
® NN Force
®* NNN Force

® These are exciting, challenging questions.
® \We can make progress
® This will resonate with the larger scientific community
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Nuclear Dynamics P
® 0.2< XBj< 0.8 EMC Effe

® Quark-Gluon structur
binding at scale <0

® Nucleons modified
scalar+vector field

® Quark-gluon struct
by short range NN ¢

® (g-bar condensates
free nucleon:
Nuclear Mean Field
+ rms fluctuations

(NN... Correlations)

iy

ey
A,
S
—
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EMC Effect’: Anti-Shadowing

Anti-shadowing is not
anti-quarks!

Fermilab Drell-Yan
E722

R(Ca/?H)

1.1,

e DY(E772)
~ DIS(NMC)

8 July 2016

O Anti-shadowing is glue

L. Frankfurt et al. / Physics Reports 512 (2012) 255-393
1.6 T T ! T T 1.6 T i —T T T
- 1.5 F Q2=4 GeV2 =1 1.5 F n
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0O Shadowing (coherent gluons NE
from NN, NNN ...) < 0.
ALICE PLB718 (213) E& & .}
ultra-peripheral o9 Lo --oHKNOTLO
AASD AA /W RIN:4 0.2 " teselo
..CMS 2016 Lot T ey
Fig. from Guzey, Zhalov, 0.0001 oot ool
arXiv.org/ 1404.6101 Xolue
x = 0.001 — 0.01 18 ]
> 14 -
w 1.3 -
O Expectation of gluonic < 13 1
anti-shadowing at x = 0.1 09 E
07 .
i :
0.4 N
1 1
X
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SPECTATOR TAGGING

« Spectator Tagging:
2
. +’J_’_ ) s a + M oy l"’
pR_pé }_IEPDapRl7an:|NPD/2

Impulse Approximation:
p2 =(Pp—pr)’ =t=M>?++¢
—t' > MpB + B?/2=4.1-10"3 GeV?

neutron

p, = QQT_IZMN2+p_L OR, PRT
fora~1and |p.l| << My

Pp =~ %PD +PL
P, ~ 5Pp+pL
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ON-SHELL EXTRAPOLATION

» Spectator Tagging in Impulse
Approximation:

p2=(Pp—pr)’=t=MZ2+¢
—t' > MpB + B?/2 =4.1-1073 GeV?
« Example on-shell extrapolation
ke ® Pp =5® 100 (GeV/c)?
i Ldb=s10k1
zg; € [0.025,0.032], Q2 € [10,20] GeV?

098 <a<1 0<a<l1.02

Charles Hyde EIC UG 27

Fm(x,Qa,aR,t‘)*(t‘/Res)z (nb)

0.5

0.4

0.3

0.2

0.1

neutron  {3) X

Pp
proton
1 pr
OR, PrT

PPN
S/ S

ke W o
4 =(pR_pD)2

Tot.Error=+v/(stat’+sys®)

xes=0.025119

— 0.031623
Q*=10 —20 (GeV?)
loag—11 < 0.02

Luminosity 10° nb™’

{ (Fao/S)=0.4205 £0.0128
i (F/S)e=0.4278 £0.0128

QpF

: 1 1 1 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

—t/(GeV?)



NEUTRON F, FROM ON-SHELL
EXTRAPOLATION

Q*=10 —12.58 (GeV?)




NEUTRON SPIN STRUCTURE

T
L | 4

T N e e A A | e 1 I Vol ER2 ~ 2 1 1 4 / OXT71'™N A ofF vy ; y /;'/‘ Wa 1 \ 111
L.ongitudinal Double Spin Asymmetry on the Neutror

x-dependence at fixed Q° Q’-dependence at fixed x

Q*=10 —12.58 (GeV?) xg,=0.1—-0.1258
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THE EMC EFFECT IN THE
DEUTERON

EMC effect in tagged DIS e + D — ¢' + p + X, backward kinematics

on-shell modified —
1 unmodified
x=03-04, 0% =20-30 GeV>

op=0.89-091 (backward)
Ly, =10"nb", s,y =1000 GeV>

o
—_

<
~
Q)]
~
~
N—
X
)
o]
D)
en
&en
<
N
S
=9

Kinematic limit
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